Abstract-We report the experimental data, quantummechanical calculations, and engineering-level modeling that provide insight into the atomic-scale processes that underlie the hot-electron degradation of AlGaN/GaN high-electron-mobility transistors during electrical stress at moderate drain bias. There is relatively large degradation (up to 20%) of the peak transconductance (g m ) in the semi-ON state, along with a small shift of the threshold voltage (V T ). The V T shift and g m degradation increase with temperature. A model of the degradation is presented, based on the hot-carrier-induced defect generation. The model considers carrier energy distributions for different temperatures obtained using an ensemble Monte Carlo (EMC) approach. The Ensemble Monte-Carlo results show that the concentration of energetic carriers is maximum at the end of the gate on the gate-drain access side in the semi-ON state of operation. The degradation is directly related to the number of carriers with sufficient energy to generate defects, and the carrier energy distribution depends strongly on the device temperature. The firstprinciples density functional theory calculations and the analysis suggest that the dehydrogenation of substitutional iron and its complexes is the dominant cause of the observed degradation in these devices.
I. INTRODUCTION

E
XCELLENT high-power and high-frequency performance makes gallium nitride (GaN) high-electronmobility transistors (HEMTs)-based microwave power amplifiers. The wide bandgap of GaN provides a very large breakdown field, and the high drain current that these transistors offer makes the broadband matching of monolithic microwave ICs and RF amplifiers simpler and more efficient than for competing technologies [1] - [3] . Although the RF performance figures of merit for GaN HEMTs are exceptional, the long-term reliability of these devices is still a concern [4] - [10] . For example, stressing a device in the semi-ON condition [9] , [10] can result in the generation of defects by hot electrons. This degradation can be caused by a number of mechanisms, often involving dehydrogenation [11] - [14] . The defect generation is typically highest at the end of the gate on the gate-drain (G-D) side, where the lateral electric field is at its maximum [15] . This may lead to significant reductions in drain current and transconductance g m , as well as shifts in threshold voltage V T , resulting in decreased dc, RF, and large-signal performance [3] , [6] . High degradation in the semi-ON state can be a concern for devices incorporated in applications, such as high-power microwave amplifiers, as the biasing point is close to the semi-ON region [16] . For positive V GS , the drain current decreases with increasing temperature, but the impact on gate leakage is negligible [17] , [18] . In this paper, GaN/AlGaN HEMTs fabricated under Ga-rich conditions are stressed in the semi-ON state at different temperatures, and the corresponding V T shift and the g m degradation are measured. A quantitative model describing this degradation is developed. The shift in V T and the reduction in g m are attributed to the creation and/or reconfiguration of defects due to energetic carriers. Only electrons with energies greater than the activation energy can create or reconfigure the defects. The distribution of carriers in energy is obtained using an ensemble Monte Carlo (EMC) approach at a region of the device, where the electric field is at its maximum. By combining the model with activation energies obtained by the first-principles density functional theory (DFT) calculations, the dominant defects responsible for the observed degradation are identified as substitutional Fe and its complexes.
II. EXPERIMENTAL RESULTS
The devices used for this paper were AlGaN/GaN HEMTs on SiC substrates fabricated at the University of California (Santa Barbara) using the plasma-assisted molecular beam epitaxy technique under Ga-rich conditions. The AlGaN is 25-nm thick, and the gate-source and G-D access region lengths are 0.35 and 1.2 μm, respectively. The devices were identical in geometry and growth conditions. All these devices are 160-μm wide. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. temperature. The value of V T (V G axis intercept of the linear extrapolation of the I D -V G curve at the point of maximum g m [19] ) is −3.55 ± 0.1 V. Devices were stressed at temperatures varying from 250 to 400 K with V GS and V DS at −2 and 20 V, respectively. The bias conditions for the temperature stress tests were determined from the results of room temperature gate biasdependence stress tests as well as the results of Ensemble Monte-Carlo (EMC) simulations [15] . The results suggest that the highest degradation occurs in these devices for bias conditions near V GS = −2 V, when V DS = 20 V, i.e., in the semi-ON condition. The degradation is shown in Fig. 2 , which shows the V T shifts for different values of V GS . A similar bias-dependence is observed for devices fabricated under Nrich conditions [15] . Devices were not stressed at V GS less than −3 V, as devices are turned OFF, and hot carriers are not the dominant mechanism for degradation in this state of operation [8] .
The degradation of V T and g m with stress time is shown in Fig. 3 on linear and logarithmic scales. The V T shift is relatively small (1% to 1.5%), compared with the corresponding degradation of g m (12%-18%) for all temperatures. Both the V T and g m degradations increase with increasing temperature at a rate that is approximately linear with logarithmic time. No significant recovery of V T or g m is observed after the completion of stressing, consistent with previous work [11] .
III. RATE EQUATIONS FOR THE DEGRADATION
The device response is modeled by assuming that energetic carriers can transfer energy to preexisting defects and transform them into new configurations and/or new charge states that alter the device characteristics. Changes in defect charge states lead to shifts in V T and degradation of I D and g m with increasing stress time. The defect generation rate near the interface [15] is given by
where n(E)is the carrier density, υ(E) is the velocity of electrons with energy E, E act is the effective activation energy for the defect transformation, q is the electronic charge, σ (E) is the effective, average scattering cross section of the defects, and Q d (t) is the stress-induced change in the areal density of charge near the AlGaN/GaN interface
where N d (t) is the areal density of activated defects at time t and N ∞ d is the areal density of precursor defects.
is the concentration of available preexisting defects at time t. The scattering cross section of the defect is assumed to be zero for energies up to E act and (for simplicity [15] ) constant for higher energies. The carrier density n(E) is obtained from the EMC simulations, and E act is calculated using ab initio DFT. The V T shift can be related to the change in charge density under the gate using the equation
where d AlGaN is the thickness of the AlGaN layer.
IV. ELECTRON ENERGY DISTRIBUTIONS
The simulator used for determining the electron energy distributions is the HFET EMC solver from the University of Michigan. The HFET simulator uses a 2-D Poisson and drift-diffusion solver to calculate the electric field and the charge distribution along the channel of a III-V HFET. The quasi-Fermi levels obtained are used to solve the Schrodinger equation to obtain the electron wave functions and confined energy levels. Shockley-Read-Hall generationrecombination is included in the current continuity equation. A 2-D multivalley EMC technique is used to simulate the electric field and the spatial velocity of electrons along the channel [20] - [22] . This is calculated using the electric field from the steady-state mobility model. The carrier velocity is first calculated with one electron, assuming a constant electric field. The velocity-field relationship is obtained with 500 000 electrons in a variable electric field. Acoustic and polar optical phonon scattering are included along with alloy, intervalley, and roughness scattering effects. The simulated value of sheet charge density in the Two-Dimensional Electron Gas (2-DEG) is comparable with the experimental value for devices with similar Al mole fraction [20] - [22] . The simulator provides the averaged value of carrier energy for each position-energy cell at a given condition.
The structure of the simulated device is similar to the device used for the stress experiments; its cross section is shown in Fig. 4 . The AlGaN layer is 25-nm thick, and the aluminum mole fraction is 0.32. A Schottky barrier of b = 1.68 eV was used to model the gate contact. The formation of the 2-DEG in an AlGaN/GaN HEMT is due to the simultaneous presence of spontaneous and piezoelectric polarization introduced by fixed charges at the interface, represented here as a charge density of 1.4 × 10 13 cm −2 [23] , [24] . The doping in the GaN is 10 15 cm −3 n-type, representing unintentional doping during fabrication. The threshold voltage of the simulated device is −3.9 V, which is similar to the experimental value of approximately −3.6 V. 
V. TEMPERATURE DEPENDENCE OF CARRIER DISTRIBUTION
The maximum degradation (both V T and g m ) occurs for the operating conditions that result in the highest density of electrons with sufficient energy to activate defects. EMC simulations for different V GS values at 300 K, with V DS fixed at +20 V, were used to examine the energetic electron concentration versus the gate bias. At room temperature, the parallel electric field is highest near the end of the gate on the G-D access region side for all values of V GS (Fig. 5) . The electric field becomes higher as V GS becomes more negative. Fig. 6(a) shows the carrier energy distribution for four V GS values at 300 K with V DS at +20 V, obtained at the end of the gate on the G-D access region side. These carrier energy distributions (sliced at 0.4 μm across the device cross section with the source edge as the origin) show a distinct peak for moderate energy electrons (0.5-2 eV) and a high energy (carrier with energy greater than 2 eV) tail for all nonpositive V GS values. For V GS = +2 V (completely ON), there are very few carriers above 0.4 eV, so the degradation is expected and observed [15] to be minimal. The number of moderate and high-energy electrons is highest for V GS = −2 V, which is close to the semi-ON region. The simultaneous presence of large electric field and moderate current results in large degradation at V GS = −2 V, consistent with the experimental results in Fig. 2 .
The peak observed in the carrier energy distribution (around 1.1-1.4 eV) between V GS = 0 V and V GS = −2 V appears, because electrons accumulate in the A-valley as V GS becomes more negative (Fig. 7) . This occurs, because the bottom of the A-valley is ∼1.3 eV from the bottom of the conduction band ( -valley). When V GS is −3 V or lower, there is greater intervalley scattering ( A-valley to -valley) due to the higher lateral electric field. Hence, the number of lower energy (less than 1 eV) carriers is maximized at V GS = −3 V. Fig. 6(b) shows the carrier energy distributions at different points along the channel for the semi-ON state at 300 K. These results confirm that the number of both moderate and high-energy carriers is significantly higher at the gate edge (0.4 μm slice). As we move away from the gate edge toward the drain, the moderate energy carrier peak starts to decrease. As we move toward the gate, very few moderately energetic carriers are present, but a fairly large number of low energy (less than 0.5 eV) carriers are present. Only the 0.4 μm slice shows the secondary peak for very-high-energy carriers.
The effects of temperature on the carrier energy distribution also were considered. Simulations were performed with the device biased in the semi-ON region in all the cases. Carrier energy distributions at the end of the gate on the G-D access region side are shown as the functions of temperature in Fig. 8(a) . Fig. 8(b) focuses on the high-energy carrier tail of Fig. 8(a) .
As the temperature increases, Fig. 8(b) shows that the number of very high-energy (greater than 2.5 eV) electrons decreases. There are far fewer very-high-energy carriers at 600 K than at lower temperatures. This results from increased phonon-induced carrier scattering at elevated temperatures. In contrast, the number of moderately energetic carriers (0.5 to 2.5 eV) increases with temperature. The peak in the carrier distribution ∼1-1.4 eV for temperatures up to 450 K is due to electrons accumulating in the A-valley. Above 500 K, optical phonons gain sufficient energy to scatter these electrons. Hence, there is not a distinct peak for 500 and 600 K. Instead, the number of low energy carriers (less than 0.5 eV) increases for 500 and 600 K. Fig. 9 summarizes the trend of change in carrier distribution with device temperature. Both high and moderate energy carriers can create or reconfigure defects if the defect activation energy is sufficiently low [15] .
VI. TEMPERATURE-DEPENDENT V T SHIFTS
The V T shift as a function of time is obtained by integrating (1), which gives an exponential dependence
Here, τ is the time constant for the V T shift, which is related to the carrier energy density and the scattering cross section
At each temperature, the quantity
can be obtained from the asymptotic behavior of the V T (t) data. To demonstrate the self-consistency of the model, we compare best-fit values of E act with the energy barriers to reconfigure and activate the defect obtained from the DFT calculations [12] . Once a best-fit E act is obtained that is consistent with the calculated value for a candidate defect to within the experimental and theoretical tolerances, we use (4) and (5) to extract the value of σ that fits the data at one temperature. Again, for simplicity, we assume that σ is constant with energy [15] . We then use these values of E act and σ to predict V T (t) for other temperatures and compare these predictions with the measured data to evaluate the self-consistency of the model description.
Because V T (t) is negative (Fig. 3) , candidate defects that produce the degradation must reduce the negative net charge or increase the net positive charge. In the previous work, negative V T shifts in devices grown in an ammoniarich environment were attributed to the dehydrogenation of N antisite defects [11] , [12] . The present devices were grown in a Ga-rich environment for which a lower percentage of N antisite defects are expected, so we must broaden the list of candidate defects. In a recent paper, we showed that the ironvacancy complex Fe Ga -V N can cause current collapse [13] . The defect is initially hydrogenated and neutral, but upon dehydrogenation, it has an energy level ∼0.57 eV below the conduction band edge, is positively charged, and acts as an electron trap. Thus, Fe Ga -V N -H is a good candidate for the degradation that we are discussing here. Other reasonable candidate defects on the basis of past work [11] - [13] , [15] , [25] , [26] and new analysis presented below are Fe Ga -H and hydrogenated oxygen complexes. For each candidate defect we calculated the energy barrier for hydrogen removal using first-principles DFT implemented in the Vienna ab initio simulation package [27] . The calculations employ the Perdew-Burke-Ernzerhof version of generalized gradient approximation exchange-correlation functional [28] and include corrections for zero-point vibrational contribution for H migration in GaN [29] . The nudged elastic band method is employed for the relevant defect activation processes [30] .
Using the DFT calculations, coupled with analysis using the analytical model described above, we found that it is not possible for a single defect to self-consistently account for the full set of responses (Fig. 2) at multiple temperatures; at least, two defects must be involved in the degradation. As we now show, the charge states and activation energies for dehydrogenation of Fe Ga -V N -H and Fe Ga -H enable a selfconsistent description of the full data set.
Energy barriers for dehydrogenation of Fe Ga and Fe-V N complexes are shown in Fig. 10 . The values are 0.6 eV for Fe Ga and 1.4 eV for Fe Ga -V N . Fig. 10(a) shows the configurations of hydrogenated Fe Ga before and after H migration across an atomic plane, and the corresponding energy barriers for neutral and positively charged complexes. The charge state of the complex is determined by choosing the state (neutral or positive) with lower energy at the H atom position on the migration path. Therefore, the charge state of Fe Ga changes from neutral to positive as the minimum energy changes at the crossing of the migration barrier curves. H migration, which controls both V T and g m degradation, is rate-limiting for lower temperature stress, where the migration barrier for the initial step of moving away by one unit cell is 0.6 eV. The x-axis shows the distance between the initial position and the position of H along the removal path. The relative positions of the energy barrier curves depend on the Fermi level, which is at E c -0.7 eV during high-field stress.
Atomic configurations and the energy barrier for H removal from the Fe Ga -V N complex are shown in Fig. 10(b) . This removal from the Fe Ga -V N occurs without changing the charge state. The barrier for H to migrate more than one unit cell away from the impurity complex is 1.4 eV [31] . This corresponds to the diffusion barrier of H in GaN [15] . After H diffuses more than one atomic plane away from the Fe Ga -V N , the resulting lowest energy configuration is an isolated Fe Ga -V +1 N , with an energy level 0.6 eV below the conduction band, causing an additional shift in V T and further degradation in g m . This process corresponds to the complete removal of H for elevated temperature stressing with a barrier of 1.4 eV. There is no sufficient energy to drive the reverse reaction forward to passivate the defect after the bias is removed, consistent with the lack of recovery observed. The calculations also predict the trap levels for the Fe
+1
Ga and Fe Ga -V +1 N defects to be ∼0.55 eV below the conduction band. For hydrogenated complexes, Fe Ga -H and Fe Ga -V N -H, the trap level moves to ∼1.5 eV below the conduction band, as shown in Fig. 11 . Thus, the changes in the charge states during dehydrogenation are consistent with the energy levels of Fe Ga -V N -H and Fe Ga -H complexes. Note that the similarity between the migration barrier of hydrogen and the trap level of the Fe Ga -V N complex (each ∼0.6 eV) is accidental, as these are different physical processes.
A degradation model with E act1 and E act2 equal to 0.6 eV and 1.4 eV, associated with the above dehydrogenation process, can self-consistently describe device response versus temperature
where the time constants depend on cross sections σ 1 and σ 2
Here, σ 1 and σ 2 are treated essentially as free parameters. We first fit the data at 400 K, where deviation from a singledefect model is largest. Best-fit values for σ 1 and σ 2 are V T shift data for the devices stressed semi-ON for different temperatures modeled using a two-defect model with the activation energies of 0.6 eV (for initial barrier) and 1.4 eV (for the complete removal of H). Table I . We use these time constants to model V T (t) for the other three temperatures. As shown in Fig. 12 , the model describes the degradation well at all temperatures. The model agreement is essentially the same if E act1 varies by up to ±0.1 eV and/or E act2 varies by up to ±0.25 eV. These results provide strong evidence that the dehydrogenation of Fe Ga -H and Fe Ga -V N -H is the most likely origins of the observed hot-electron degradation. The values for the concentrations of available preexisting defects obtained from this process are listed in Table II . The available preexisting defect concentration for the higher energy defect (Fe Ga -V N -H) is significantly greater at 400 K than at other temperatures, consistent with the activation of the second defect. 
VII. TRANSCONDUCTANCE DEGRADATION
The observed V T shifts are small in these devices, but the corresponding degradation in g m is significant and likely to be a concern in practical device applications. We now consider whether the relatively large g m degradation and small V T shifts can be caused by the same defects. Charged defects strongly affect the transconductance and the dynamic ON resistance of GaN/AlGaN HEMTs [32] - [34] . If both g m degradation and V T shifts are due to the same defects in the saturation regime of transistor operation, the g m degradation should be related to the change in charge density in the channel via [35] , [36] 
Here, μ 0 is the prestress electron mobility, W is the width, L is the length, h is the channel thickness, Q d (t) is the stress-induced change in volume charge density, and V A is given by
Here, V bi is the built-in voltage, and V p is the threshold voltage. The g m degradation can be represented as
where τ 1 and τ 2 are the time constants for the two defects, as given in (7) and (8) and Table I .
are the volume densities of the available defects, corresponding to the two defect activation energies at t = 0. Although defects with the same microstructure appear to be causing the shifts in V T and degradation in g m , the appendix shows that it is not just the subset of the charged defects under the gate that cause the V T shifts that also cause the g m degradation. Instead, it is likely that similar defects located in the G-D access region dominate the g m degradation.
We finally note that the recent work using scanning Kelvin probe microscopy suggests that the Fe complexes responsible for the degradation in these devices do not lie in the AlGaN layer, but instead are located in the GaN buffer layer [37] , [38] .
VIII. CONCLUSION
The dehydrogenation of substitutional iron complexes by energetic carriers is largely responsible for the degradation observed in these devices. Both the moderate and high-energy carriers can create these defects. Even though the numbers of high-energy carriers decrease with the temperature, the total number of carriers with sufficient energies to dehydrogenate these defect complexes increases with the temperature. This results in much larger degradation at elevated temperatures. A two-defect energy-level model is developed that accounts for the time and temperature dependence of the observed shift in V T and degradation in g m . The early stage degradation observed in these devices at lower temperatures results from the electron-activated process of hydrogen migration across the atomic plane, causing a charge state change in a Fe Ga impurity complex, characterized by a 0.6-eV activation barrier. The higher temperature degradation is caused by both the dehydrogenation of Fe Ga -H and the dehydrogenation of Fe Ga -V N -H, whose activation barrier is 1.4 eV. Similar defects located near the drain edge of the gate and in the G-D access region are evidently responsible for the V T shifts and the g m degradation, respectively. Employing the methodology illustrated in this paper should enable more accurate predictions of the longterm reliability of GaN HEMTs, as well as any other devices that exhibit similar degradation with electrical stress.
APPENDIX
To determine whether the g m degradation can be directly linked to the same defects in type and location as those that cause the V T shift of the device, and we first assume that both effects are due to a correlated increase in scattering from the same charged defects in type and location, and check for the self-consistency and plausibility of this assumption. The relationship between the effective mobility (μ) and the areal defect density N d (t) is given by Matthiessen's rule [39] , [40] 
where α is a proportionality constant related to scattering strength and μ 0 is the prestress mobility. The degradation in g m can be linked to the defect density N d (t) using
where W is the width of the device and L is the channel length. The g m degradation is linked to the V T shift using (3), which gives a linear relationship between the two quantities
A potentially self-consistent value of α can now be calculated by scaling the V T shift equation until we obtain the best match to g m degradation for that specific condition. However, the value of α obtained from the 300 K g m degradation data using the 300 K V T data and modeling (Fig. 13) , for example, is about 4×10 −9 cm 2 . The previous work shows that the values of α for similar carrier-defect scattering are more than three orders of magnitude smaller [40] , [41] , leading to a contradiction of the above assumption. Hence, it is clear that a greater density of defects must contribute to the g m degradation than to the V T shifts for the devices and the experimental conditions of this paper. The simplest explanation of this result is that the charged defects that cause the V T shift and g m degradation build up at similar rates with stress, but differ in density and location. A self-consistent explanation for the above results is obtained if one assumes that the shifts in V T are caused primarily by the subset of defects at or near the gate edge, where the influence of traps on V T is very strong, but the g m degradation is determined primarily by similar, charged defects located across a much broader region of the G-D access region.
